Experimental and Computational Methods

IRPD spectroscopy
IRPD spectra of LL-/LD-Glu 2 H + -H 2 are recorded in the XH stretch (ν XH , X=O, N) and fingerprint ranges (2600-3600 and 1100-1900 cm -1 , respectively) employing a cryogenic quadrupole ion trap (QIT) tandem mass spectrometer. 54 LL-/LD-Glu 2 H + ions are generated in a continuous electrospray ionization (ESI) source using 10 -4 M of L-/D-Glu dissolved in methanol, water, and formic acid The ESI-generated ions pass through a glass capillary heated to 60°C before entering vacuum. Behind a skimmer, LL-/LD-Glu 2 H + are size-selected by a first quadrupole mass spectrometer, deflected by a quadrupole bender, and guided through an octopole to a gold-coated copper QIT mounted onto the cold head of a closed-cycle cryostat. The QIT held at 10 K is filled with He/H 2 (80:20) buffer gas through a pulsed nozzle (pulse duration ca. 120 µs) to form cold LL-/LD-Glu 2 H + -H 2 in the QIT. Recent analysis of the internal temperature of protonated tyrosine results in T int ≈13 K. 54 In the XH stretch range, IRPD spectra are recorded using the idler of a pulsed tuneable IR optical parametric oscillator (IR-OPO, Laservision, bandwidth 1.7 cm -1 ) pumped by a nanosecond injection seeded Nd:YAG laser operated at 10 Hz (Continuum Surelite II). To produce IR-radiation in the fingerprint range, signal and idler outputs of the OPO are difference-frequency-mixed in an AgGaSe 2 crystal. Resonant vibrational excitation followed by fast internal vibrational energy redistribution induces dissociation of LL-/LD-Glu 2 H + -H 2 . Predominantly, loss of the weakly bound H 2 tag is observed. The maximum internal energy stored in the clusters is limited by the dissociation energy of the weakest bound cluster unit (H 2 ). Therefore, tagging ensures singlephoton dissociation of internally cold clusters. The fragment ions are ejected into a time-of-flight mass spectrometer and detected by a dynode converter detector. The fragment ion current is recorded as a function of the IR laser frequency to generate IRPD spectra. The ion source is triggered at twice the laser frequency (20 Hz) to measure the background signal induced by metastable decay. Fragmentation signal of alternating triggers is subtracted. The measured spectra are plotted as fragmentation yield R=I f /(I p + I f ), where I p and I f refer to the abundances of parent and fragment ions, respectively. All spectra are normalized by IR laser intensity fluctuations. In the XH stretch range the IR-OPO provides 0.7-10 mJ/pulse, in the fingerprint range 0.5-1.3 mJ/pulse.
IR-IR hole burning spectroscopy
To record conformer-selective IR-IR hole burning spectra of LL-/LD-Glu 2 H + -H 2 in the XH stretch range, a typical pump-probe spectroscopy scheme is applied. After a delay of 3 ms, the radiation of the probe laser (IR-OPO, Laservision, bandwidth >5 cm -1 ) pumped by a nanosecond Nd:YAG laser (Continuum Surelite II) is introduced into the QIT. The probe laser is set at a conformerspecific transition in the IRPD spectrum, thus generating a constant fragmentation signal of this cluster conformer. The pump laser is the same IR-OPO as used for IRPD spectroscopy. Resonant excitation of any of the conformers present in the trap by the pump laser leads to fragmentation of the corresponding cluster (loss of H 2 ligands). All fragments induced by the pump laser are removed from the trap by a so-called "tickle" RF pulse applied to the QIT before the probe laser is introduced. When the pump laser hits a transition of the conformer currently probed, the constant fragmentation signal produced by the probe laser is depleted (burnt). Thus, by scanning the pump laser, a conformer-specific IR-dip spectrum is recorded. The measured IR-dip spectra are corrected for laser-off background signal, but are not normalized for laser intensity due to saturation effects. Four to five IR-dip spectra are averaged to achieve satisfactory signal-to-noise ratio.
IRMPD spectroscopy
In the fingerprint range (1000- and I f (L-/D-GluH + ) being parent and fragment ion currents, respectively. Measured spectra are normalized for IR-FEL flux, Φ IR ~ P IR /ν IR , because the power of the FEL operating at 44.5 MeV electron energy and 25 Hz increases from 400 mW (2000 cm -1 ) to 1600 mW (1000 cm -1 ) as the frequency changes.
Computational methods
Presampling of the potential-energy surface (PES) of LL-/LD-Glu 2 H + is accomplished by basin hopping employing the MM3Pro force field as implemented in the TINKER molecular modeling software. [57] [58] [59] [60] To this end, six different input structures are generated, which differ in (i) relative chirality (LL/LD), and (ii) protonation state (GluH + protonated at the amino group (α-COOH, γ-COOH, NH 3 + ) and either canonical Glu (α-COOH, γ-COOH, NH 2 ) or zwitterionic Glu ((a) α-COO -, γ-COOH, NH 3 + or (b) α-COOH, γ-COO -, NH 3 + )). Initial low energy conformers are found by chemical intuition and relaxation at the PBE0+vdW TS /light level. More than 500000 structures are found by the force-field approach. The 1200 lowest-energy conformers are subjected to geometry relaxation using density-functional theory (DFT) at the dispersion-corrected PBE+vdW TS /light level. 61, 62 Thus, after clustering (a computational method to sort objects on the basis of a similarity criterion), 625 (309 LL and 316 LD) conformers are found within ΔE≈160 kJ/mol. All DFT calculations are performed with FHI-aims, which employs numeric atom-centered basis functions for the Kohn-Sham orbitals. 61 For the elements contained in Glu (H, C, N, O), light settings include the so-called tier1 basis sets 61 and are used for initial relaxation. Corresponding tight settings include the larger tier2 basis sets and ensure that energy differences are converged to a few meV.
In a second step, the PES of LL-/LD-Glu 2 H + is scanned in more detail by replica-exchange molecular dynamics (REMD) simulations. [63] [64] [65] Multiple independent molecular dynamics (MD) trajectories of non-interacting copies (replicas) of the system are simultaneously generated at different temperatures. At fixed time intervals (0.04 ps), neighboring pairs of replicas are eventually swapped based on a Metropolis criterion. Thus, individual replicas traverse a wide temperature range to overcome barriers, which ensures efficient sampling of the PES. After each swap, the MD velocities are scaled to fit the canonical ensemble. 63 A script-based REMD scheme implemented in FHI-aims is used. All DFT calculations within the REMD run are performed at the PBE/light level. REMD simulations are run separately for LL-and LD-Glu 2 H + . Therefore, the respective 12 most stable conformers found by presampling are sorted into individual replicas at 12 temperatures (T=300. 00, 328.53, 360.41, 395.73, 435.02, 478.72, 527.30, 581.31, 641.34, 707.97, 782.16, 864.59 K Some noncovalent interaction types and their strengths are determined using the noncovalent interaction (NCI) approach. To this end, the reduced gradient of the electron density (s(ρ)~|grad(ρ)|/ρ 4/3 ) is evaluated as a function of the electron density ρ oriented by the sign of the second eigenvalue λ 2 of the Hessian, ρ*= ρ . sign(λ 2 ). The ρ* values provide a measure of the strengths of the noncovalent interactions (H-bonds, electrostatic, inductive, and dispersive interactions). By use of a BGR color code covering the range -1.25< ρ*<1.25 a.u., a representation of the isosurfaces with an isosurface value of 0.5 a.u. is derived. Blue and red surfaces correspond to attractive (negative λ 2 ) and repulsive (positive λ 2 ) interactions, respectively. Green surfaces correlate with ρ* values close to zero, indicating weak interactions (mostly dispersion).
Figure S1
Additional stable structures of LD-Glu 2 H + with intra-(red) and intermolecular (black) H-bonds (R, Å). Relative energies (ΔE 0 , kJ/mol) and binding energies (D 0 , kJ/mol) calculated at the PBE0+MBD/tight level are also given.
Figure S2
Additional stable structures of LL-Glu 2 H + with intra-(red) and intermolecular (black) H-bonds (R, Å). Relative energies (ΔE 0 , kJ/mol) and binding energies (D 0 , kJ/mol) calculated at the PBE0+MBD/tight level are also given.
Figure S3
Low-frequency normal modes of selected conformers (cm -1 ) calculated at the PBE0+MBD/tight level. Spectra highlighted in green belong to LD6 and LD11 that benefit most by entropy, those highlighted in red spectra belong to LD1 and LL1 that are disfavoured by temperature effects.
Figure S4
Noncovalent interaction in LD1 and LL1 visualized via the reduced gradient s(ρ)~|grad(ρ)|/ρ 4/3 as a function of the oriented electron density ρ*= ρ . sign(λ 2 ) using the NCI Plot Software. BGR color coding (-1.25< λ*<1.25 a.u.) is used for the isosurfaces (isosurface value of 0.5 a.u.), blue: attractive interactions (negative λ 2 ), red: repulsive interactions (positive λ 2 ), green: weak interactions (λ 2~0 ).
Figure S5
IRPD spectra of cryogenic LL-/LD- Figure S7 ). Figure S7 ).
Figure S10
Structures of relevant H 2 -tagged LL-/LD-Glu 2 H + -H 2 isomers with H 2 binding energies (D 0 , kJ/mol) and lengths of intermolecular H-bonds (R, Å) calculated at the PBE0+MBD/tight level.
Figure S11
IR-dip spectrum of cryogenic LD-Glu 2 H + -H 2 probed at 3486 cm -1 compared to the scaled (0.93) linear IR absorption spectra of relevant H 2 -tagged LD2 isomers calculated at the PBE0+MBD/tight level with FHI-aims (black) and at the B3LYP/cc-pVTZ level with Gaussian09 (red, scaled by 0.95).
Figure S12
IR-dip spectrum of cryogenic LL-Glu 2 H + -H 2 probed at 3397 cm -1 compared to the scaled (0.93) linear IR absorption spectra of relevant H 2 -tagged LL1 isomers calculated at the PBE0+MBD/tight level with FHI-aims (black) and at the B3LYP/cc-pVTZ level with Gaussian09 (red, scaled by 0.95).
Figure S13
IR-dip spectrum of cryogenic LL-Glu 2 H + -H 2 probed at 3487 cm -1 compared to the linear IR absorption spectra of relevant H 2 -tagged LL4 isomers calculated at the PBE0+MBD/tight level with FHI-aims (black, scaled by 0.93) and at the B3LYP/cc-pVTZ level with Gaussian09 (red, scaled by 0.95). Deuteration-induced effects must carefully be distinguished from chirality effects, which are most prominent for ν CO (K1-K5) and δ NH (N).
Figure S14
Figure S15
IRPD spectra of cryogenic LL-and LD-Glu 2 H + -H 2 in the fingerprint range (1100-1900 cm -1 ) compared to the scaled (0.955) linear IR absorption spectra of additional most stable conformers calculated at the PBE0+MBD/tight level (stick spectra and convolution with Lorentzian profile, FWHM 10 cm -1 ).
Figure S16
Mass spectra of the sprayed solution containing L-d 5 -Glu and D-Glu taken at different ESI and ion optics conditions. The tables included in the individual plots indicate the observed ratio of L-and D-Glu (top left two entries). Expected ratios of DD-/LD-and LL-Glu 2 H + (top right three entries) are calculated from these values assuming no preference for a certain diastereomer. We compare the expected ratios to the observed ratios of DD-/LD-and LLGlu 2 H + (bottom three entries) and do not find any clear indication for any preferred formation of homo-or heterochiral dimers.
Figure S17
Collision-induced dissociation (CID) efficiency of LL-/LD-Glu 2 H + as a function of the RF amplitude of the QIT (see also Figure 6 ).
Figure S18
Extended energy hierarchy diagram of the most stable LL-and LD-Glu 2 H + (ΔE<20 kJ/mol) at the PBE0+MBD/tight level (Table S3 ). IRPD spectra of unlabelled LL-and DD-Glu 2 H + are identical, which is not surprising because these LL and DD dimers are enantiomers, which have the same physical properties (apart from tiny effects of parity violation). Furthermore, the IRPD spectrum of labelled LL-Glu 2 H + (m/z 305) resembles the one of unlabelled LL-and DD-Glu 2 H + . This emphasizes that (i) deuteration has no impact on the modes in the XH stretch range and (ii) the same ensemble of conformers is probed. Hence, we conclude that deuteration does not significantly alter the chemistry of the probed dimers or at least not at a scale detectable by IR spectroscopy. The spectrum of LD-Glu 2 H + is clearly different. Yet, deuteration has no impact on the XH stretching modes (X=O, N) and hence does not distort the IRPD spectrum in this range. 
a Band widths (FWHM, cm -1 ) are listed in parentheses. b IR intensities (D 2 /Å 2 ) are listed in parentheses. The scaling factor is 0.93. 
